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Investigation of the Behavior of Dielectric Materials at
High Field Strengths in a High Vacuum Eavironment

1. Mission Statement

The Contractor, as an independent Contraztor and not as an agent
of the Government, shall, during the term of this contract, utilize its
best efforts and supply the necessary personnel, facilities, and materials
{except those which may otherwise be provided}, and do all things
necessary for, or incident to the improvement of the basic understanding
of breakdown in dielectric materials, and to provide useful engineering
data, not presently available, on common dielectrics, with particular
emphasis directed toward determining breakdown strengths at high fre-

quencies.

Additional effort has been authorized to continue certain phases
of previcus investigation of the effects of space environment on the
properties of dielectric materials. These studies are associated with
the effects of a vacuum, x-ray irradiation and temperature on the a-c
loss properties {¢' and tand) and the d- c conductivity of insulating

materials.

11. Factual Data

A, D--C Conductivity

In the First and Second Quarterly Progress Reports data were
pregented on the conductivity of polyethylene terephthalate after vacuum
exposure for periods up to 150 hours at temperatures in iac range of
25 to 130°C. Because these experimenis were designed to show the effects
of prolonged vacuum exposure at various temperatures, each spucimen
was held at a fixed temperature during the entire exposure period.
However, comparison of the measured values of conductivity at different
temperatures aiter equal periods of exposure suggested that the
activation energy of the conduction process had different values at
temperaturea above and below the glass transition range (70 -80°C).
This was shown by logs vs. 1/T plots. However, it was pointed out that



Page 2

these plots did not indicate the true activation energy because the points
were taken from experiments on different specimens, each specimen

having a different exposure history.

To determ.ine the relationship between conductivity and temperature,
measurements were made on specimens that were conditioned in vacuum
at elevated temperatures {420-130°C) for 150 hours and then allowed to
cool at a controlled rate. To eliminate the transient current that
accompanies a change in temperature, the temperature was lowered in
increments and held constant at each step until the transient had decayed.
At temperatures below the glass transition region, the deca: veriod was
at least two hours. Shorter periods of 15 to 30 minutes were sun cient
at temperaiures above the glass transition range. Only a limited number
of measurements were made at temperatures below 40°C because of the

long time periods required for the transients to decay.

The results of these measurerﬁents are summarized in the
loge vs. 1/T curves shown in Figure 1, Typical data are given for
measurements in vacuun at 180 and 320 volts and in air at 90 volts.
The measurements in air were made at 90 volts in order to avoid

corona.

Each of the curves of Figure 1 has a higher slop~ at temperatures
above the glass transition region, indicating that the activation energy of
the conduction process is higher at the elevated temperatures. The
existence of different values of activation energy suggest that there are

at least two conduction mechanisms.

Measurements at different voltages were made to determine if the
current-voitage relationships were the same at temperatures above and
below the transition region. The data of Figure 1 show that the conductivity
is slightly higher at 320 volts than at 180 volts, but the small difference
in logo is essentially constant over the entire temperature range. The
dependence of conductivity on applied voltage will be examined more closely

in an eflort to identify the conduction mechanisms.

The measurements in air at atmospheric pressure yielaed results
that are essentially the same as those obtained in vacuum, as shown in
Figure 1. Thesc specimens were conditioned at 130°C for 156 hours and
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then allowed to cocol at a controlled rate, as described above for the
vacuum conditioned specimens. It is apparent that the vacuum exposure
alone does not have any great ceffect on conductivity. This cau be seen
more clearly from the curves of Figure 2, which show the effect of pro-
longed exposure in vacuum and in air at temperatures from 25°C to 130°C.
In both environments 2 steady decrease in conductivity was observed during
the entire exposure period. It is important to note that in each case the
specimen was encrgized throughout the entire exposure peried. This
long--time decay in conductivity, whizh had been ascribed to the effects of
prolonged vacuum exposure, is not well understood. However, it must be
considered when interpreting reaults such as those of Figure 1, where
several hours are required to complete a single series of measurements
over the desired temperature range. It was found that a specimen that
had been slowly cooled from 130°C to 25°C could be slowly reheated in

a manner that produced the same valuez of conductivity as those observed
during the cooling cycie. Therefore, the 150 hour preconditioning, at
130°C had been long znoughk to provide values of conductivity that r.mained

essentially unchanged during the period required for the measurements.

Time has not permitted a detailed analysis of all of the data that
has been cbtained in this phase of the program. With the addition of very
recent results, which require verification, sufficient data is now available

to permit such an analysis to be made.

Measuremsnts of x-ray induced conductivity in polytetraflucroethylene
TFE .7 were also made during the pr¢sent reporting period. These results

are discussed in the following section.

B. B.adiation Induced A-C Losses

In a previcus program, measurements of dielectric constant and
dissipation factor (tand) were made on several materials during x-ray
irradiation in high.vacuum. The largest effects were those exhibited by
the polytetrafluvroethylene materials TFE-6 and TFE-7 {E.1. du Pent de
Nemours and Co., Inc. designations). Large changes in dielectric constant

and dissipatio. factor were observed during 50 KVP x-ray irradiation.
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The variation oi ~ eleciric consiant and tand during irradiation and Juring
subsequent recovery in vacuum and in air {or dry nitrogen} coul. not be
explained on the basis of known radiation effects on the stricture of the

tetrafluoroeth,lene resins.

The investigation of this effect was resumed during the second
quarter of the present program. Experiments which had previously been
conducted at ‘com temperature w=re repeated at 89°C and 158°C. Data
were given in the Second Quarterly Progress Report which showed that the
increases in dielectric constant and dissipation factor were greater when
the specimens were irradiated at 89°C, but were greatly reduced when
the irradiation was carried out at a temperature of 158°C. Therefore,
it 2ppeared that there was a temperature in the range between 25 and 158°C

at which the radiation effects were more severe,

During the present period, additional measurements were made at
temperatures of 113, 130 and 162°C. In these experiments the specimens
were preconditioned at the test temperature for a period of about 24 hours
before the irradiation was begin, The data obtained at 400 cps are

summarizec in Figures 3 and 4.

Previous results have shown that the x ray indaced losses remain
high during the entire exposure period if the irradiation is carried out in
air at atmospheric pressuve. The most significant effect of the vacuum
envirorunent is to cause a steady decrease in induced losses afrer a peak
value is reached during the early stages of exposure. Thercfore, the results
shown in Figuies 3 and 4 suggested that the difference in behavior at the
elevated temperatures might be caused by the more effective rernoval of

residual gases.

To determine if degassing of the specimen and the walls of the
vacuum chamber was responsible for the observed temperature effect,
measurements were made on specimens that were baked in vacuum at
160°C for 72 hours and then allowed to cool to room temperature in vacuum
before the radiation was introduces. The moderating effect of this bake-out
is shown by the data of Figures 5 and 6. The maximum values of dielectric

constant and tand for the baked-out specimens were considerably less than
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the corresponding values for specimens that were not baked. However, the
radiatic. effects were still consideraily greater than rhose observed in the

high temperature experiments {Figures 3 and 4).

It was felt that more complete degassing would further reduce the
induced losses. Significant quantities of gas could leak into the vacuum
chamber during the period required for cooling the speciinen and during
the irradiation period. Because the specimen was mounted in a relatively
large vacuum chamber, it took approximately 412 hours to cocl from 160°C
to room temperature. Another experiment was conducted in which the
vacuum chamber was filled with helium during the cocling period. The
increaced heat transfer reduced the cooling period to about one hour. The

chamber was then evacuated before the radiation was intr oduced.

The effects of the rapid cooling can be seen in the data of Figures 5
and 6. Thes: specimens exhibited a rapid rise in tand and a very rapid
decay. The peak value occurred at a dose of about 0. 15 megarads, which
is in the dose range where the smaller peaks occurred in the previous

experiments summarized in Figure 3.

In all previous experiments the induced losses decayed rapidly to
some low value when the irradiation was discontinued. A steady value was
maintained as long as the specimens remained in vacuum. However. when
the cell was filled with air or dry nitrogen {oil-pumped) an immediaie
increase in tand would osccur and the subsequent dezay would continue for

many months.

In the present series of experimenis it was found that after 24 hours
of vacuum recovery there was no detectable change in tand when the cei
was filled with helium for fuur hours. When the cell was then evacuated and
filled with dry nitrogen, the 100 cps tanf increased rapidly, reaching
0.0012 in 5 minutes, 0 016 in one hour and 0.4 in 24 hours. In a subsequent
experiment the specimen was allowed to remain in the helium ctmosphere
;0o 72 hours and this caused the 100 cps tand to increase to 0. 044 and

dielectric constant to increase from 2.135 to 2.470

The recovery experiments demonstrate the existence ol radiation

induced radicals which persist for relatively long periods in vacuum.
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Recovery in vacuum for a3 long as 20 days does not alter the effects
produced by the introduction of nitrogen or air into the test chamberx It ia
well known that the presence of cxygen influences the effects of radiation
on the pruperties of TFE materials awnd it would be expected that the
reaction that occurs when the test chamber is filled with air invelves

the combination of oxygen and the radicals produaced by the radiation. In
tha case of the reaction with dry nitrogen, there is some question
concerning the amount of oxygen that is present as an impurity in ihe
comimercial nitrogen gas. The slow reaction that occurs when the cell is
filled with heliurn may also be asaociated with an oxygen impurity. How-
ever, the siriking difference in behavior in nitrogen and helium indicates
that laboratory purification of the commercial nitrogen would provide a

gas of sufficient purity to determine if nitrogen is involved in the reaction.

In all of the irradiation experiments with YFX materials the x ray
induced losses decrease rapidly with increasing frequency. Typical
data can be found in Table 1 of the Second Quarterly Progress Report. This
type of frequency response suggests that an induced conduction mechanism
is responsible for the high losses at 100 cps. Meaningful mezsurements
of induced d-c conductivity had not been made in the previous program
because it was not possible to schedule such tests. Iu ithe present reporting
period experiments were initiated w0 deterrnine the effects of prolonged

exposure to x-ray irradiation in vacuum on the d.c conductivity of TF. 7,

Figure 7 shows the preliminzry data obtained at 23°¢ using a dose
rate of 2, inOS rads/bour. The induced conductivity follows the same
general pattern 1s the ‘nduced losses at 100 cps. The recovery in vacuum
is shown in Figure 8. When the cell we filled with dry nitrogen an
immediate increase in conductivity was observed, just as an increase in

tand occurs under similar conditions.

Further investigation will be required to determine the extent to
which induced conductivity accounts for the induced a-c losses. This

study will be continued during the next reporting period.
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C. Calorimetric Measurem nt of Rielectric Losses at High

Electrical Stresses in the Radio f requency Range

{1) Introduction.

Details of a calerimetric method of measurirg dieiectric losses
at high electrical stresses in the radio frequency raage were given in
the First Quarterly Progress Report. Briefly, the principle of operation
consists of measuring the heat flow along a known heat conducter which
is in contact with the specimen at one end and in contact with a heat sink
at its other end. The specimewn is placed between two such heat leads that
also serve as electrodes. The opposite end of each heat lead is bonded
to a constant temperature {OOC) heat sink Contact to the specimens is

made by a flat plate that is bonded to the end of each tubuiar heat lead.

A therristor imbedded in one of the end plates is used to measure
the temperature C:fference between the end plate and the heat sink. When
an r-f voltage is applied, the temperature oi the specimen will increase to
some stable value. In the sieady state, nc additional heat is being stored
in the specimen, so the measuced heat flow along the heat leads 15 2

measure of the power dissipates i the specimen.

Details of the calibration and the method of computing loss factor

can he found in the First Quarterly Progress Report.

The problems that were encountered duriag preliminary measurements
and the modifications in techniques that have been devised are presesnied in

the following section.

{2) Limitations Imposed by the Use of Continuous Voltages at 2 Mc.

When dielectric losses are measured as a2 function of field strength
with this type of calorimeter, the voltage is increased in steps and sufficient
time must be allowed at each step for the temperature of the specirnen to
stabilize. It was found that periods of 10 to 30 minutes were required,
depending on the magnitude of the incremental increase in applied voltage.

This relatively long-time application of voltage imposes a limitation on the
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maximum siress that can be used without causing the specimen to fail.
With polystyrene, for examnpie, measurements on 10 mil specimens

could not be made at stresses exceeding 400 VPM,

A second limitation is encountered when measurements are to be
made over a wide range of stresses. If, for example. it is desirable to
make measurements from 31 to 1800 VPM, a ratio of 1:60, the pcwer
dissipated in the specimen would have a range of 1:3600. To cover such
a range, major adjustments would have tc be made in the conductance of
the heat leads to prevent intolerakle heating of the specimen. Therefore,
it would be necessary to interrupt an experiment to replace heat leads
whenever the temperature of the specimen reached a predetermined limit.
The experiment itself would become more difficult because uniform therma.
contact between the heat lead and the specimen becomes more important

as the conductance of the heat lead is increased.

Another source of difficulty at high stresses is associated with the
design of a suitable heat sink. The power dissipation in a typical polystyren
specimen at 2 Mc is about 0. 2 warts for ar applied stress of 100 VPM,
but at 1800 VPM it would be 65 watts. A suitable heat sink would have to
absorb this power without allowing a temperature rise of mere than 0. 1°c
at the end of the heat lead that is bonded to the heat sink.

These difficulties, which are encountered when continuous r-f
voltages are used, can be avoided by drastically reducing the time of
voltage applization. The benefits of using short pulses, rather than contin-
uous voltages, are twofold: {a) the specimen can withstand a higher voliage
as demonstrated by the electric strength data in the Second Quarterly
Progreas Report; and (b) excess.ve power dissipation in the specimen is

avoided,

Consideration was given to a single-pulse technique, but the
difficulties associated with the transient heat measurement makes this

method unattractive for the purposes of the present investigation. Instead,
a method was developed in which repeated r-f pulses are applied to the
specimen. The repetition rate and pulse width are not critical as Jong as
the temperature fluctuations remain negligible. The maximum stress at
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which measurements can be made is lower than it would be for the single-
pulse method, but it is considerably higher than for the continuous woltage

method that was used in the earlier experiments.

{3) Repeated Pulse Method.

Using the repeated-pulse method, ax initial measurement of power
dissipated per unit volume (Watts/ cm3) is made by applying a continuous
r-f field at some low stress Ei' The technique used in this first step and
the method of calculating tanbd from the experimental data were discussed in
the First Quarterly Progress Report. The stress is then increased to a
value EZ' but it is now applied in repeated pulses, with a repetition rate
and pulse width that result in the same average power dissipation as the
continuously applied stress Ei‘ The average power dissipation, W, depends
on the ratio a/ff, where o is the pulse duration and B is the time from the
beginning of one pulse to the beginning of the next pulse, i.e., the reciprocal

of the repetition rate.

The stress is then increaged to successively higher levels and at
each step the ratio o/p is adjusted ao that the average power dissipation
remains the same. This can be accomplished by changing a, § or both
a and 8.

The instantaneous power di.asipatidn, W!, is given by
W' = (B/a) W
It is W' that is a measure of the loss factor €¢'', and if ¢'' is independent
of the applied stress, E, then W' should be proportional to EZ.

To determine if ¢'" 18 a function of E, it is only necessary to measure

the values of E, a and p that result in a constant value W at each step in

the stress range of interest. At any two stress levels, En' Em’ the
following relations hold:
Yim ® wmlcm) ‘on/ﬂn) Y )
and W'm/W’n = (Em/En)Z' for constant ¢''. {2)
2
Si_nce (E/E ) (W /W' )=1,
then, substituting from equation (1),
2 -
(E_/E )2 B, /) (o, /B, ) = 1. (3)
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‘ If ¢ is a function of E, then the measured values of E, « and 3 do not

yield a value of unity in eguation {3).

In the former method, where continuous stresses were applied,
a considerable length of time was required at each stress level for the
temperature of the specimen to stabilize. In the present method, tais will
occur only for the first step, where tL-s stress is low. From there on,
with some experience is adjusiing ~ and [, the temperature fluctuations
can be kept small and the time required for temperature stabilization is

drastically reduced.

Because the specimen temperature is adjusied to the same value
throughout the experiment, the calorimeter serves only as a sensitive
temperature difference indicator. The average thermodynamic conditiors
remain the same at each stress level, so the inizerent errorsz in the
calorimeter have nc significant effect on the ratios of the measured loss
factors. The largest error is made in the measurement of the actual
value cf " in the first step of the experiment. This error could be

‘ reduced by consiructing a calorimeter that is designed sp=2ifically for

measurements ai low stresses,

{4) Preliminary Measurcmenis,

Preliminary measurements have been mace or fhe following
materials:

Ps5-C Polystyrene, obtained {rom loczl euppiler,
undetermine crigin.

PS-D Polystyrene. Dow Chemical Comp- vy, Siyron 066,
PE Polyethylene. Du Pon! Alathor 19

FEP Copolymer of tetrafiuoroethylese ar- h- a-
finoropropylene. Du Pont TEP-109.

C-1147 Maethyl stvrene with siloxane additive. Delaware
Research and Development Corporadion.

The detailed results of eight experiments are given in Table L
The values of tand arc those that were determined in the {ixrst step of the
experiment at a continuous stress. The ratio of loss factors e ""/e ”m'

at the stress levels Em and E are given for each subsequent step in the
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experiment. The actual power dissipation in watts is shown for each stress
level. In these experiments the shortest pulse duration was about 2 milli-

seconds and the smallest value of o/f was about 0. 009,

The advantage of the repeated pulse method is demonstrated by
the high values of stress that were used. With polystyrene, for instance,
a stress of over 1000 VPM did not cause breakdown or excessive heating
of the specimen. Previously, using continuous voltage application,
measurements could not be made at stresses greater than 400 VPM. The
present limitation is associated with the r-f generator, rather than the
calorimeter. A considerable amount of time has been devoted to modifying
the existing equipment to obtain properly shaped pulses of sufficiently short
duration. It has been difficult to control the transients and instabilities at
high voltages. The overall accuracy of the measurements is reduced if
the r-f pulses deviate from a simple rectangular shape. Comparison of
the ratios of ¢ ' at similar stresses for polystyrene specimens 2 and 3 of
Table I, or the ratios of ¢ ' for a given specimen at the same stress levels,
but at different values of pnower Cissipation, indicate that the accuracy of the
measurements must be improved. The pulse shape is critical because the
instantaneous power dissipation is proportional to the square of the applied
voltage.

TLc high values of loss that were observed at the highest stress
levels can be associated with the presence of discharges that contribute
to the measured power. At these high levels of stress the prohlems
encountered in the fabrication of specimens and in the application of
electrodes are similar to those for breakdown tests. The actual test area
of the loss specimen must be lazger than for tue breakdown specimen co
that the exror caused by heat generated at the edges of the test area can be
reduced to a negligible value. The larger area reduces the electric strength
of the specimen and is also more difficult to machine. Details of the break-
down and loss measurement specimens have been given in the previcus

Quarterly Progress Reports.

In the case of breakdown tests, discharges that are located away
from the test area do not necessarily interfere with the measurement.

With the loss specimens, however, any dieéharges that contribute to the
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measured power cause an error. The high value shown in Table I for
polyethylene {specimen 7), for instance, was caused by heavy discharges
from the edge of the ground electrode. It is desirable, therefore, te make
the loss measurements at low voitages using thinner specimens to attain
higher stresses. The thinner sectivuns are, however more difficuilt to
machine, so the ultimate limitation of the method will be ia the ability

to fabricate suitable specimens.

No conclusions can be drawn from these preliminary measure-
ments. Further refinement in the experimental techniques seems to be
justified and will be made in the next reporting period. Efforts are now
being made to improve the performance of the r-f generator under repeated
pulse operating conditions so that losc measurements and breakdown

measurements can be made at higher stresses.
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III. Anticipated Work

During the next quarterly period the following work is planned:

A'

A continuation of the study of the effects of temperature,

vacuum and irradiation on the conductivity of polymers.

Further investigation of x-ray induced a-c losses in

tetrafluoroethylene polymers.

A continuation of the loss measurements at high field

strengths and breakdown measurements in the r-f range.

The investigation of loss properties at high temperatures in

the r~f range.

1V. Level of Effort

The total level of effort during this quarter has been 49. 5 man-

months.

The funds that were originally made available for this program

have been expended and plans have been made for a continaation of the

research work at approximately the same level of affort. A Revised
Program Planning Chart will be submitted after the details of the con-

tract extension have been confirmed.



Table I. Detailed Resuits of Calorimeter Measurements at 2 Mc_:_:__

Stress Level

{VPM)
Specimen# Material Em En (e "n/" ”m) tand
1 PS-C 178 - - 0.0004
{10 mil) 178 230 1.01
i78 280 0.92
178 387 0.94
178 429 1.09
309 633 1.16
2 PS-D 175 - - 0. 0006
(10 mil) 175 232 1.00
23> 286 0.94
286 393 1.03
393 588 0.91
22¢& 400 0.92
400 562 1.04
562 734 1.48
3 PS-D 114 --- - 0.0004
{10 mil) 144 173 0.95
173 264 1.02
264 375 1.05
375 545 1.07
545 788 1.06
340 820 1.03
820 1030 1. 40
4 C-1147 146 - - 0. 0005
(10 mil) 146 228 0.96
5 C-1147 102 - .- 0. 0005
{30 mil) 102 202 1.05
202 247 1.05
247 380 0.99
6 FEP 88 -—— 0. 0006
{30 mil) 88 215 1.05
7 PE 140 250 1.07 -
(30 mil) 250 390 1.9*%
8 PE 125 - - o 0.0002
{20 mil) 125 170 0.95

Average

Power

{Watits)

moCcOoCO
Landll SN N

R RODOCO
ococcooOOO

o
[*S
(%))

0.15
0. 15
0.15
0.15
0.15
0.47
0. 47

0. 30
0.30

0.21
0.21
0.21
0.21

0. 25

- -

® caused by excessive heating due to discharges tron: sdge of

ground elecirode
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